The green fluorescent protein (GFP) was used as a visual selectable marker to produce transgenic coffee (Coffea canephora) plants following Agrobacterium-mediated transformation. The binary vector pBECKS 2000.7 containing synthetic gene for GFP (sgfp) S65T and the hygromycin phosphotransferase gene hph both controlled by 35S cauliflower mosaic virus CaMV35S promoters was used for transformation. Embryogenic cultures were initiated from hypocotyls and cotyledon leaves of in vitro grown seedlings and used as target material. Selection of transformed tissue was carried out using GFP visual selection as the sole screen or in combination with a low level of antibiotics (hygromycin 10 mg/L), and the efficiency was compared with antibiotics selection alone (hygromycin 30 mg/L). GFP selection reduced the time for transformed somatic embryos formation from 18 weeks on a hygromycin (30 mg/L) antibiotics containing medium to 8 weeks. Moreover, visual selection of GFP combined with low level of antibiotics selection improved the transformation efficiency and increased the number of transformed coffee plants compared to selection in the presence of antibiotics. Molecular analysis confirmed the presence of the sgfp-S65T coding region in the regenerated plants. Visual screening of transformed cells using GFP by Agrobacterium-mediated transformation techniques was found to be efficient and therefore has the potential for development of selectable marker-free transgenic coffee plants.
Introduction
Coffee is one of the most important agricultural commodities in international trade. The economics of many coffee growing countries depend on the earnings from this crop. Amongst more than 100 species of coffee that are known (Davis et al. 2006 ), only two species, i.e. Coffea arabica (arabica coffee) and Coffea canephora (robusta coffee), are commercially cultivated. Over the last 75 years, genetic improvement of coffee was mainly achieved through conventional breeding. This has resulted in the production of many superior genotypes/cultivars and increased the production and productivity. However, a range of highly desirable traits, such as disease and pest resistance, stress tolerance and improved cup quality are not readily available in breeding populations and are therefore difficult to be incorporated into crop improvement programs using conventional breeding. In addition, the long generation time of coffee has been the main obstacle that limits the traditional breeding. Plant genetic transformation permits the direct introduction of agronomically useful gene(s) into important crops and offers a significant tool in breeding programs by producing novel and genetically diverse plant materials (Paz et al. 2004 ). It helps alleviate any difficulty in traditional crop breeding due to limited availability of germplasm to generate genetic diversity.
In coffee, transgenic plants have been obtained using Agrobacterium-mediated transformation (Hatanaka et al. 1999; Leroy et al. 2000) . However, the reported transformation efficiency was very low. Furthermore, in all of the reported coffee transformation experiments, hygromycin phosphotransferase gene hpt or neomycin phosphotransferase II gene nptII or chlorsulfuron resistant gene csr-I are used as selective agents in combination with β-glucuronidase gusA reporter gene. An operational problem associated with culturing in the 640 M.K. Mishra et al. presence of herbicides or antibiotics is that toxic or inhibiting compounds released by dying non-transformed cells can be detrimental to the growth and development of selected transformed cells (Ebinuma et al. 2001) . Further, to determine the exact quantity of antibiotics or herbicides needed to selectively arrest the growth of non-transformed cells without interfering with the development of transformed cells during successive developmental stages is not only time-consuming but also labour-intensive. In addition, selection regimes that rely upon either antibiotic or herbicide resistance genes for the production of transgenic crops have generated public disquiet about the food safety and environmental impact (Zhang et al. 2001 ). This litany of problems, some more valid than others, indicates a need to develop alternatives to antibiotic and herbicide resistance.
In recent years, the visual reporter green fluorescent protein (GFP) produced by a gene isolated from Aequorea victorea and subsequently reengineered (Chiu et al. 1996; Siemering et al. 1996; Haseloff et al. 1997) has become widely used in the regeneration of transgenic plants. Use of a synthetic GFP gene (sgfp) to complement chemical selection has been applied to a range of plant species (Stewart 2001) . More recently, the GFP gene (gfp) has been used as a complete substitute for non-visual selection markers in sugarcane , barley (Ahlandsberg et al. 1999) , oats (Kaeppler et al. 2000) , rice (Vain et al. 2000) , sugar beet (Zhang et al. 2001 ) and papaya (Zhu et al. 2004) . However, to our knowledge, reports on regeneration of transgenic coffee using GFP reporter gene is limited. In this article we describe the use of sgfp-S65T as a reporter gene in transformed coffee tissue, both in combination with antibiotic selection screen and as the sole screen for regeneration of transgenic material.
Material and methods
Plant material and culture media Seeds of C. canephora (C.V. congensis×robusta hybrid) was used for Agrobacterium transformation experiments. Seeds were disinfected by immersing in 70% (v/v) ethanol for 2 min followed by dipping in 30% Domestos for 15 min, and rinsing three-times with sterilized deionized water at 10 min intervals. The sterilized seeds were inoculated in magenta boxes containing germination medium. The germination medium consists of half strength Murashige and Skoog (MS) salt solution (Murashige & Skoog 1962) together with 0.2 mg/L thiamine hydrochloride, 1 mg/L pyrodoxine hydrochloride, 1 mg/L nicotinic acid, 2% (w/v) sucrose and 2.5 g/L phytagel with the pH of the medium adjusted to 5.8. The media was autoclaved at 121
• C for 20 min.
After germination, the in vitro seedlings were kept in dark for 3 weeks, hypocotyls and cotyledonary leaves were excised from the aseptic seedlings and incubated in the callus induction medium and kept in dark. The callus induction medium consists of full strength MS medium further supplemented with 0.1 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), 1 mg/L indol-3-acetic acid (IAA) and 4 mg/L kinetin for callus induction and subsequent somatic embryogenesis. The rest of the seedlings were transferred to pots and maintained in the glass house.
Plasmid constructs
The binary plasmid pBECKS .7 (McCormac et al. 1999 ) was used as the vector system. Its t-DNA contains the nopaline synthase promoter::nptII-nopaline synthase terminator and 35S cauliflower mosaic virus promoter::hphnopaline synthase terminator cassette as a selectable marker and the 35S cauliflower mosaic virus promoter::sgfp-S65T-nopaline synthase terminator (J. Sheen, MGH Boston, MA, USA) (Fig. 1) . The sgfp-S65T has plant compatible codon usage and also contains a serine to threonine exchange of position 65 to cause enhanced fluorescence under irradiation to blue light (Sheen et al. 1995; Chiu et al. 1996) . A. tumefaciens EHA105 (a super virulent strain) which is a disarmed derivative of A. tumefaciens A.281 (Hood et. al. 1993 ) was used in transformation experiments. Plasmid was introduced to bacterial cells by electroporation (McCormac et al. 1997 ) and transformed cells were selected on 50 mg/L hygromycin B (Sigma).
Co-cultivation
Engineered Agrobacterium strain EHA 105 was grown on Luria-Bertani medium (10 g/L bacto-tryptone, 5 g/L bactoyeast extract, 1 g/L Nacl, 1 g/L glucose; pH 7.0) solidified with 15 g/L bacto-agar with 50 mg/L hygromycin B and grown overnight at 28
• C on an orbital shaker (180 rpm). Overnight cultures were centrifuged at 3,500 rpm for 10 min and re-suspended on 20 mL of bacterial suspension medium consisting of MS salts, 3% (w/v) sucrose, 0.1 mg/L 2,4-D, 0.1 mg/L IAA, and 4 mg/L kinetin with 50 µM acetosyringone; pH 5.4. Cultures in bacterial suspension were shaken (180 rpm) for 2 hours before use.
Embryogenic callus attached to the hypocotyls and cotyledonary leaf pieces were previously transferred to the pre-culture medium consisting of MS salts and vitamins supplemented with 0.5 mg/L 2,4-D, 1 mg/L IAA and 4 mg/L kinetin and gelled with phytagel 2.5 g/L (pH 5.8) for three days. The pre-cultured embryogenic calli were immersed in Agrobacterium suspension for 20 min following which the bacterial suspension was drained off and the inoculated material was placed on solidified co-cultivation medium consisting of MS salts and vitamins and further supplemented with 0.1 mg/L 2, 4-D, 1 mg/L IAA and 4 mg/L kinetin, 3% (w/v) sucrose with 50 µM acetosyringone at pH 5.4 for 3-4 days to inhibit Agrobacterium overgrowth as well as to have the calli recovered from co-cultivation shock.
Production of transformed cells and plant regeneration
Following co-cultivation with Agrobacterium, the co-cultivated embryogenic calli were washed first with sterile distilled water two-times for 10 min with cefotaxime (250 mg/L) to suppress Agrobacterium growth. Subsequently, the calli were further washed with basal medium (half strength MS salts and vitamins) containing 250 mg/L cefotaxime for two-times of 15 min duration. Then the calli were dried on a filter paper and divided in to three equal parts. The first part was transferred to full strength MS medium containing 0.1 mg/L 2, 4-D, 1 mg/L IAA and 4 mg/L kinetin, 3% sucrose at pH 5.8 and gelled with 2.5 g/L phytagel (Batch-1). The second part was transferred to the same medium but supplemented with 10 mg/L hygromycin B (Sigma) (Batch-2). The third part was transferred to the same medium but with 30 mg/L hygromycin B (Batch-3). Cefotaxime at 250 mg/L was added to all the batches in order to check the Agrobacterium overgrowth. All the co-cultivated cultures were incubated in the dark at 25
• C for somatic embryo induction. After 4 weeks of co-cultivation, it was relatively easy to excise mostly green fluorescing cells from the larger callus mass and culturing them separately in fresh selection medium. In the first batch of culture, green fluorescent calli were visually selected and excised from the non-transformed calli and transformed to the fresh medium. Repeated selection to remove the green fluorescing cells from the nonfluorescing ones was continued in this batch at every 3-week interval. The second batch of calli which were transferred to selection medium containing 10 mg/L hygromycin B was monitored periodically for GFP expression. In this batch, green fluorescing sectors were observed simultaneously as in the case of the first batch and these green fluorescing mass were excised and transferred to selection medium containing hygromycin B at the 3-week interval. Thus, a combination of visual and antibiotics selection was employed in this batch to select the transformed tissue. In the third batch, co-cultivated calli were sub-cultured on selection medium containing hygromycin (30 mg/L) at the 3-week interval and no attempt was made to selectively pick the fluorescing cells based on visual selection. Only antibiotics resistant calli were periodically transferred to the selection medium.
For plant regeneration, well-developed somatic embryos were picked from the selection medium and transferred to germination medium. The germination medium consists of half strength MS salts, vitamins, 30 g/L sucrose, 0.2 mg/L IAA and 1 mg/L kinetin and gelled with 2.5 g/L phytagel. Plantlets with cotyledonary leaves and well-developed roots were transferred to magenta boxes for further development. Plants with 3-4 pairs of leaves were transferred to plastic pots and maintained in containment glass house.
Detection of GFP by fluorescence microscopy Co-cultivated explants in selection medium were examined periodically using a Nikon epi-fluorescence microscope with filter B-3A, providing excitation wavelengths 420-490 nm. Photographs were taken using Nikon digital camera.
PCR and Southern analysis
Total genomic DNA was extracted from the leaves of transformed as well as control coffee plants using the protocol described earlier (Mishra et al. 2008) . Standard PCR techniques were employed to detect the presence of the sgfp-S65T in the coffee genome. The sgfp-S65T primers used were sgfp forward GGATCCATGGTGAGCAAGGGC (corresponding to position 22-42 on sgfp-S65T) and sgfp reverse GCGGCCGCTTTACTTTACTTGTACAG (reverse orientation from position 736 to 756 onsgfp-S65T). The PCR reactions were performed in 50 µL volume containing 1 µL of genomic DNA, 200 µM dNTPs, 0.5 mM MgCl2, 50 mM KCL, 10 mM Tris HCL, pH 9.0, 0.1% (v/v) Triton X-100, 0.25 µM of each primer and 2 U of Taq DNA polymerase. Reactions were subjected to 35 cycles of 0.5 min at 95
• C, 0.5 min at 55
• C and 1 min at 72
• C with final extension at 72
• C for 5 min. Amplified products were visualized after electrophoresis on 0.8% agarose gels.
Southern hybridization was carried out to confirm the stable integration of sgfp transgene in to coffee genome. Genomic DNA samples (10 µg) from the transgenic plants were digested with restriction endonuclease EcoRI and HindIII at 37
• C overnight. The digested genomic DNA was then fractioned on 0.8% agarose gels and transferred on to Hybond-N + membrane (Amersham, Pharmacia) according to manufacturer's instructions. The sgfp probe was prepared from the plasmid pUC18sgfp as a 0.8 kb BamHI-PstI fragment. The probes were labelled with α-32 P dCTP using rediprime labelling kit (Amersham, Pharmacia). Membranes were washed twice at room temperature in 2×SSPE/1% SDS for 10 min and at 65
• C in 1× and 0.1×SSPE/0.1% SDS for 15 min each time and then autoradiographed using Amersham Hyper film.
Results and discussion

Agrobacterium strain and transformation
In the present study, somatic embryogenic calli derived from hypocotyls and cotyledonary leaves of the in vitro grown seedlings were used as target material for Agrobacterium transformation. The suitability of these materials for transformation was earlier confirmed (Mishra et al. 2004 ). In the present study, Agrobacterium strain EHA105 harbouring pBECKS 2000.7 was chosen for co-cultivation. The Agrobacterium EHA105 is an agropine type of bacterial strains and found to be hypervirulent in many woody plant species, such as peach (Padilla et al. 2006) , pear (Yancheva et al. 2006) and muscadine grape (Dhekney et al. 2008) . In coffee, Agrobacterium EHA105 was found to be more hypervirulent than other A. tumefaciens strains (Mishra et al. 2009 ).
Transient and stable GFP expression Cells with green fluorescence were visible under fluorescent microscope after 48 hours following co-cultivation of calli with Agrobacterium strain EHA105 containing pBECKS 2000.7. Because two days were not sufficient for a significant number of cells to undergo division, we assume this initial fluorescence was transient expression of the gfp gene. No green fluorescence was observed when the Agrobacterium sample was checked under fluorescence microscope (not shown). After 15 days of cocultivation, the frequency and intensity of GFP emitting cells increased considerably (Fig. 2a) in all the three batches. In some callus tissues, yellow and red auto-fluorescent cell clusters were also evident. Since chlorophyll fluoresces red at the wave length used for GFP excitation, these clusters could be considered as non-transformed cells. Green fluorescent sectors were clearly distinguishable from the yellow and red ones. Increase in fluorescence activity after 15 days of cocultivation was noticed in many plant species, such as onion (Eady et al. 2000) , sugar beet (Zhang et al. 2001) and apple (Hraska et al. 2006 ). The high level of fluorescence 15 days after co-cultivation could be due to the formation of stably transformed calli accumulating higher level of GFP. After 6 weeks of selection, embryogenic calli exhibiting bright green fluorescence were obtained. The rapid proliferation of green fluorescent calli indicated the successful introduction and expression of a foreign gene (sgfp-S65T) using the coffee cells using Agrobacterium.
The second batch of calli which were co-cultivated with pBECKS 2000.7 and transferred to selection medium containing 10 mg/L hygromycin B were monitored periodically for GFP expression. In the third batch, co-cultivated calli were sub-cultured on selection medium containing hygromycin (30 mg/L) at 3-week interval and no attempt was made to selectively pick the fluorescing cells based on visual selection. Only antibiotics-resistant calli were periodically transferred to the selection medium.
Somatic embryogenesis
In non-transformed cultures, somatic embryos appear after five weeks of incubation in embryo induction medium. However, in transgenic cultures of both batches 1 and 2, somatic embryos in high frequency began to appear almost simultaneously within a gap of one week after seven weeks of transferring to the selection medium (Table 1 ). In majority of cases somatic embryos appear in clumps (Fig. 2b ) but occasionally single somatic embryo do develop (Fig 2c) . Globular somatic embryos appeared to be normal with bright green fluorescence. In the third batch, which was selected only on hygromycin B (30 mg/L) somatic embryos did not appear till 16 weeks of incubation in the selection medium (Table 1) . Further, the frequency of somatic embryo formation is low in batch 3 containing 30 mg/L hygromycin B, as compared with other two batches. The results obtained in the present study corroborate those of earlier reports for rice (Vain et al. 2000) , papaya (Zhu et al. 2004 ) and walnut (Escobar et al. 2000) where an increase in transformed plants in less time using GFP fluorescence compared to antibiotic selection was observed. In addition, the recovery of higher frequency of normal somatic embryos in GFP selection compared to the antibiotic selection could be associated with reduced time in culture or due to the absence of antibiotics selection pressure which might have influenced the production of high frequency somatic embryos.
Transgenic somatic embryo germination and plant development After ten weeks of culture, tissue was transferred to embryo germination medium consisting of half strength MS medium supplemented with 0.2 mg/L IAA and 1 mg/L kinetin gelled with 2.5 g/L phytagel. On regener- ation medium, transgenic cultures responded the same way as non-transgenic cultures. Globular somatic embryos developed as small creamy masses which emit bright fluorescence. Within two weeks of incubation in regeneration medium, globular somatic embryos developed considerably, loosely attached and took the shape of heart shaped embryos (Fig. 2c) . About one third of the primary somatic embryos in the early torpedo stage produced numerous secondary somatic embryos. The secondary embryos developed directly on the surface of primary somatic embryos or indirectly via an intervening callus phase. The hypocotyls portion of the primary embryos produced secondary embryos with highest frequency. Like primary embryos, secondary somatic embryos emit bright green fluorescence. In another study, Barrueto et al. (2004) reported on the formation of secondary embryos from the hypocotyls portion of primary somatic embryos in three arabica coffee cultivars. Germination of somatic embryos was achieved in the light with the emergence of cotyledonary leaves. However, the germination percentage of somatic embryos was poor and only 30% of them germinated to normal plantlets. A similar germination frequency of somatic embryos was also achieved in non-transformed cultures (Table 1) . In both transformed and nontransformed cultures, about 30-35% of somatic embryos showed abnormalities, such as multiple cotyledon leaves, swollen hypocotyls, lack of shoot and root development or vitrified embryos. Formation of abnormal somatic embryos were reported in non-transformed coffee cultures (Herman & Hass 1975; Barrueto et al. 2004) . The germination frequency of secondary somatic embryos was found to be better than that of the primary embryos. The fluorescence intensity of somatic embryos was high at the torpedo stage (Fig. 2d) and the same intensity was maintained till the formation of young cotyledon leaves (Fig. 2e) . In the mature cotyledon leaves and young leaves which developed subsequently, the intensity of green fluorescence was maintained (Figs 2f-h ). Similar green fluorescence pattern was also demonstrated in transgenic grape (Dhekney et al. 2008) , tobacco (Hraska et al. 2008 ) and other plant species transformed with gfp gene (Hraska et al. 2006) during various developmental stages.
In vitro plant development was accomplished in all three batches of selection regime at different time intervals. The highest percentage plant recovery was obtained in the second batch of culture combining the visual selection of GFP and low dose of antibiotics selection followed by in the first batch employing sole visual selection (Table 1 ). In the third batch, plantlet regeneration was lowest using only antibiotic selection. Also transformed plant regeneration was comparatively late in the third batch using antibiotics-mediated selection. The cultures which were selected based on visual GFP observation developed embryos, shoots and plantlets earlier than the two antibiotics-selection methods for selection of transformants.
All the in vitro plants produced actively growing roots with bright fluorescence (Fig. 2i) indicating that in all instances, t-DNA transfer was completed. The in vitro transgenic plants with 4-5 pair of leaves (Fig. 2j ) when transferred to soil grow identically like the nontransformed plants (Fig. 2k,l) . All the transgenic plants are phenotypically normal. 
kb
Molecular analysis of transformants
Genomic DNA was extracted from five GFP-positive transgenic plants and used for PCR amplification of sgfp gene. Amplification of a 736 bp fragment corresponding to the sgfp gene following PCR was observed in all the transgenic plants (Fig. 3, lanes 1-5) whereas no amplification was observed in the non-transformed plant used as negative control (Fig. 3, lane C) . In order to confirm that the PCR amplification of sgfp gene is due to the gene integration and not due to residual Agrobacterium contamination, pieces of leaf, hypocotyls and root of transformed plants were cultured in LuriaBertani medium with 50 mg/L hygromycin B. However, no Agrobacterium growth was noticed indicating that PCR amplification is indeed due to gene integration and not due to Agrobacterium contamination.
Genomic DNA from seven randomly selected GFPpositive transgenic plants and a non-transformed plant was digested with EcoRI and HindIII restriction endonucleases and analyzed for transgene integration using Southern blot hybridization. The presence of at least one intact copy of sgfp gene with the cauliflower mosaic virus promoter and nopaline synthase terminator cassette was observed in all the transgenic plants (Fig. 4, lanes 2-8) . Although all seven transgenic plants contained the transgene fragment of the expected size, the intensity of the signal indicated that the plants probably differed in the number of copies present. No fragment was observed in non-transformed control plants (Fig. 4, lane C) . In two transgenic plants (Fig. 4,  lanes 6-7) an additional band of high-molecular weight was observed besides the intact sgfp gene, suggesting that rearrangements had occurred affecting the sgfp gene cassette during transformation. Such type of rearrangements are commonly observed in many plant species transformed through either Agrobacterium or particle bombardment (Dominguez et al. 2000; Zhu et al. 2004) . When undigested transgenic genomic DNA was hybridized with the gfp probe, the hybridization signal was observed only in the high-molecular weight region (Fig. 4, lane-1) , indicating the integration of the transgene in coffee. No hybridization signal was detected in non-transformed control plants. Therefore the visual identification of transgenic plantlets based on gfp expression proved reliable and was much faster and simpler than PCR and Southern analysis.
Conclusion
The results obtained in the present experiment show that in coffee, transformants selection on the basis of GFP is not only possible but also appears to be more efficient than antibiotics selection. The green fluorescence produced by the calli containing the sgfp gene was sufficiently bright and distinct from other fluorescence under UV light, so that it could easily be used for the isolation of transformed tissue from the nontransformed callus mass. A combination of visual selection based on GFP fluorescence and low level of antibiotics (hygromycin B 10 mg/L) was more effective than either visual selection or antibiotics selection alone (Table 1). This is because some of the non transformed cells did not proliferate in the presence of antibiotics even at low concentration thus making the separation of GFP fluorescing cells easier. The brightness of fluorescence was maintained at full intensity during various developmental stages of somatic embryos till the formation of young leaves.
Contrasting opinions were reported on cytotoxic effects of GFP to plant cells. Various workers have observed that enhanced GFP expression was associated with cytotoxic effects leading to low regeneration of transformed plants (Haseloff & Siemering 1998; Murray et al. 2004 ). However, a number of researchers have demonstrated that GFP has no deleterious effect on plant regeneration (Pang et al. 1996; Leffel et al. 1997; Ghorbel et al. 1999; Tian et al. 1999; Molinier et al. 2000; Zhu et al. 2004 ) and the present study is in agreement with these reports.
It has been argued that commercialized transgenic plants containing antibiotic/herbicide resistance genes could have negative effects on human health and on the environment although no conclusive evidence is available on the negative impact of antibiotic marker gene.
To improve the public acceptance of transgenic plants, it will be imperative to regenerate transgenic plants without antibiotics marker genes. Although a variety of technologies have been developed to remove antibiotic resistance markers from transgenic plants, they appear to be complicated and time-consuming, particularly in coffee which is a woody perennial. Further, the development of transgenic plants without the use of antibiotics marker could be an additional tool in transgenic research in many plant species where the use of antibiotics have shown inhibitory effect on somatic embryo differentiation and/or transgenic plant regeneration. This report therefore strengthens our research efforts to use the gfp reporter gene as an alternative in 'clean gene' technology.
In the future, GFP fluorescence could be used as an easily scorable marker for the ecological monitoring of transgene distribution through pollen dispersal. The persistence and stability of transgenes could also be studied in this woody perennial over long periods of growth and propagation in field.
